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Abstract 
Up-conversion luminescence of rare-earth ion-doped materials has been demonstrated in the TiO2:Er3+ system when 
Au nanoparticles are in close vicinity to the Er3+  ions. From the combination of photoluminescence and photospectro-
metry studies it is concluded that the up-conversion is enhanced as a result of the excitation of localized surface 
plamon resonances in the Au nanoparticles. Indications are found that the dominant source of the enhancement is a 
resonant local-field enhancement of the excitation process.  
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1. Introduction 
Up-conversion luminescence of rare-earth ion-doped materials has attracted much attention because of 
its potential capability of converting infrared light, which is only weakly or not at all absorbed in e.g. a 
Si-based solar cell, to visible light, which is strongly absorbed [1]. In an up-conversion process relevant 
for a Si-based solar cell two or more infrared photons are transformed into one high-energy photon which 
can be absorbed by the solar cell. It has recently been demonstrated by Mertens and Polman [2] that the 
photoluminescence intensity of optically active erbium ions positioned in close proximity of Ag nanopar-
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escence yields [4].     
ticles will be significantly enhanced if the nanoparticles support plasmon modes that are resonant with the 
erbium emission. As discussed by Hallermann et al. [3] there are two effects of the coupling of erbium 
ions to plasmon modes of nanoparticles of interest for the up-conversion process: 1) The metal nanopar-
ticle can act as a nanoantenna for the near-field of a close-by emitter and thereby increase the emitters ra-
diative emission rate relative to the case without nanoparticles or 2) the resonant local-field enhancement 
associated with the particle plasmon can, via near-field coupling between the plasmon and the Er ion, 
cause the excitation rates in the two consecutive steps of the up-conversion process to be enhanced with 
respect to the case without nanoparticle. Aisaka et al. [4] have made rough estimates of the relative 
contributions of these two effects in an up-conversion study based on the coupling of Er3+ and Ag 
nanoparticles in an Al2O3 film, and concluded that both the incident electric field and the radiative decay 
rates are enhanced, and that the combination of them results in a strong up-conversion. 
In the present investigation the enhancement of the up-conversion luminescence of Er3+ in the presence 
of near-by Au nanoparticles is demonstrated and studied when the Er3+ ions are embedded in a TiO2 ma-
trix. Au nanoparticles were chosen as they support surface plasmons resonantly excited by the long-wave-
length part of visible light [5]; when embedded in a matrix of large refractive index, such as TiO2, the re-
sonance wavelength is further shifted towards the infrared region [6]. 
2. Sample Preparation 
A sketch of the samples used in the experi-
ments is shown in Fig. 1. A commercial quartz 
plate was used as substrate on which thin Au lay-
ers of thicknesses 5, 9, or 13 nm were deposited 
by thermal evaporation. The Au layers were sub-
sequently heat treated at 400 qC for 50 min. 
which created flattened Au nanoparticles of irre-
gular shapes with length parameters of approxi-
mately 11, 18, and 33 nm. A scanning electron 
microscopy (SEM) picture of Au nanoparticles 
after heat treatment of a 13 nm thick Au layer is shown in Fig. 2. It was observed that for an increasing 
Au-film thickness the particles assumed to a higher degree a flattened shape with an increasing diameter 
to height aspect ratio. Subsequently, a 30 nm thick TiO2 layer 
containing approximately 5 at.% Er was deposited using rf mag-
netron sputtering with the substrate kept at 300 qC. A sample 
without a Au layer was also produced as a reference. The Er im-
purities were sputtered together with the TiO2 from small pieces 
of metallic Er glued to the TiO2 sputtering target. X-ray 
diffraction analysis of the deposited films revealed the TiO2 to 
exist in an amorphous phase. The Er concentration was determi-
ned by Rutherford backscattering spectrometry. An Er concentra-
tion of about 5 at.% in the TiO2 films was found to give maximum 
photoluminescence at 980 nm (the 4I11/2o 4I15/2 transition in Er3+) 
when pumped with 1550 nm light from a distributed feedback 
(DFB) laser. Similar Er concentrations have been found by others 
to result in maximum lumin
Figure 1. Sketch of the sample structure used in the present 
investigation
Figure 2. Scanning electron microscopy 
picture of Au nanoparticles produced 
from a 13 nm thick Au layer heat treated 
at 400 qC for 50 min. 
Quartz plate
TiO
2
 + Er3+
Au layer
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3.  Results and Discussion 
The samples were characterized by photospectrometry using a Shimadzu UV-3600 UV-VIS-NIR 
spectrophotometer with an integrating sphere attachment allowing for both transmission and reflectance 
measurements. Figure 3 shows the results for different samples where the absorption properties of the 
particles, A, is determined from the transmission T and reflection R as A = 1-T/(1-R). The small bump in 
the reflection spectra at 1400 nm is due to an artifact of the reflection measurement, which can also be 
seen in the calculated absorption. Focusing first on the sample without Au nanoparticles (the blue curves 
in Fig. 3) we see that the dip in transmission at small wavelengths is due to an increased reflection at the-
se wavelengths, and that the absorption in the sample is consequently nearly zero at all measured wave-
lengths. The absorption in the samples with Au nanoparticles is much stronger, and well-defined absorp-
tion peaks are present in these samples, most markedly in 
the two samples with 5 and 9 nm thick deposited Au lay-
ers. The positions of the peaks in the absorption spectra 
are red shifted with increasing Au nanoparticle size and 
also with increasing particle aspect ratio. These observa-
tions are characteristic of excitations of localized surface 
plasmons in the Au nanoparticles [6]. It is also known that 
the width of the plasmonic absorption peaks depends on 
the size of the nanoparticles [6]. Moreover, since the plas-
mon resonance wavelength is highly dependent on the par-
ticle diameter to height ratio, a broadening of the plasmon 
resonance peak is also to be expected in the samples with 
a broad distribution in the nanoparticle aspect ratio such as 
in the 13 nm sample. From the SEM investigations the si-
ze distribution was found to be most narrow for the smal-
lest Au nanoparticles which also showed the best homoge-
neity in particle shape. These effects could well explain 
the sharpness of the absorption  peak of the smallest Au 
nanoparticles and the rather broad absorption feature of 
the largest Au nanoparticles as shown in Fig
The up-conversion process was investigated by photo-
luminescence studies. The excitation was done with 1550 
nm light from a DFB laser, and emission from Er3+ at 820 
and 980 nm was detected in a CCD camera. A laser power 
of 1 mW was typically used, and the laser beam was 
focused to a spot of about 10 μm on the sample. By a two-
photon absorption process using a wavelength of 1550 nm, 
Er3+ can be excited from its ground level to the 4I13/2 level 
and by absorption of the second photon of 1550 nm from the 
Figure 3. Transmission-, reflection- og absorp-
tionsspectra from samples containing Au nanopar-
ticles from Au layers of 5 nm (green), 9 nm (red) 
and 13 nm (black) and from the reference sample 
without Au nanoparticles  (blue). 
4I13/2 level to the 4I9/2 level (see the Er3+ level 
scheme in Fig. 4). The up-conversion process is followed by measurement of the luminescence at about 
820 and 980 nm corresponding to decays from the 4I9/2 level to the 4I15/2  level and from the 4I11/2 level to 
the 4I15/2 level, respectively. Figure 5 shows examples of PL spectra measured for samples without and 
with Au nanoparticles. The spectrum for the reference sample is similar to previously published spectra 
demonstrating that the 980-nm transition is the dominant one [7]. The fact that a two-photon absorption 
process is populating the 4I  level was demonstrated by following the intensity of the 980-nm line as a 9/2
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function of the 1550-nm pump power (data not 
shown). A perfect quadratic dependence was 
found as expected for a two-photon process.  
The effect of introducing the Au-nanopar-
ticle layers on the intensity of the luminescen-
ce peaks is further demonstrated in Fig. 5. Re-
lative to the reference spectrum the two spec-
tra taken from the samples with the largest Au 
nanoparticles show enhancement of the lumi-
nescence from the 4I11/2 level at 980 nm due to 
the presence of the Au nanoparticles, and for 
the sample with the largest Au nanoparticles 
an enhancement of a factor of 27 is found. 
When this result is compared to the photospec-
trometry results displayed in Fig. 3 it appears 
that enhanced up-conversion due to the pre-
sence of Au nanoparticles is only observed in the cases for which the plasmonic absorption extends to the 
excitation wavelength of 1550 nm. As can be seen from Fig. 3 the luminescence increase correlates with 
the absorption in the Au 9-nm and Au 13-nm samples at the excitation wavelength. On the other hand the 
absorption at the two emission wavelengths either an-
ticorrelates (820 nm) with the enhancement trend or is 
similar (980 nm) in the two samples. 
Figure 4. Level scheme of Er3+. The relevant wavelengths are 
stated to the left of the arrows.
The ratios between the spectral areas of the two lu-
minescence lines at 820 and 980 nm for the different 
Au- layer thicknesses are displayed in Fig. 5 (b). The 
observed linear relationship is indicative of a common 
enhancement mechanism in the pumping process as-
sociated with the particle plasmon rather than of an 
increase in the radiative emission rate of either of 
these luminescence lines. This, together with the cor-
relation between absorption and excitation wavelen-
gth, indicates that the luminescence enhancement is 
caused by an enhancement of the excitation process.  
 In order to examine the decay dynamics of the in-
volved excited levels of Er3+ we performed time diffe-
rential photoluminescence studies using 100 fs long 
pulses at 800 nm from a mode-locked Ti:sapphire 
laser. With reference to the Er3+ level scheme shown 
in Fig. 3 the 4I9/2 level will primarily be excited in this 
case, and the 4I11/2 and 4I13/2 states will subsequently 
be populated by a fast decay from the 4I  state.  9/2
The measured decay curves on the 4 4I I11/2 ĺ 15/2 
transition at 980 nm are shown in Fig. 6a. We see that 
the decay is largely single-exponential, and the decay 
time is found to be (14.4r0.6) Ps for the sample with 
Au nanoparticles and (14.2r0.6) Ps in absence of Au. 
Hence, within uncertainties the decay rate is unaffected 
Figure 5. (a): Photoluminescence spectra of samples con-
taining Au nanoparticles from Au layers of 5 nm (green), 9 
nm (red) and 13 nm (black) and from the reference sample  
(blue). The excitation wavelength was 1550 nm. The insert 
shows a magnification of the small peak around 821 nm. 
(b): Spectral areas extracted from  the luminescence curves 
of (a) 
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by the Au. The decay curves measured on the 4I13/2 ĺ 
4I15/2 transition at 1534 nm are shown in Fig. 6b. Also 
this decay is largely single-exponential but in addition 
we observe an in-growth caused by population transfer 
from the  4I11/2 to the 4I13/2 state. The decay time of the 
4I13/2 state is found to be (38.4r0.5) Ps and (38.6r0.5) 
Ps in the presence and absence of Au nanoparticles, re-
spectively. Once again, within uncertainties the decay 
rate is unaffected by the Au nanoparticles. The obser-
ved decay time of the 4I13/2 state is very fast and must 
be dominated by non-radiative processes since the ra-
diative rate is known to be of the order of 5 ms [8]. 
4.  Conclusion 
Enhanced up-conversion of 1550 nm light has been 
demonstrated in the TiO 3+2:Er  system as a result of the 
excitation of plasmons in Au nanoparticles in close vi-
cinity to the Er3+ ions. The up-conversion process was 
followed by measurement of the luminescence at 820 
and 980 nm corresponding to decays from the 4I9/2 level 
to the 4I15/2  level, and from the 4I11/2 level to the 4I15/2 le-
vel, respectively. An enhancement of a factor of 27 is 
found although the system is not optimized - photospec-
trometric measurements demonstrate that the main plas-
monic related absorption takes place at 700-800 nm, 
and only a minor absorption takes place at 1550 nm. 
The dominant source of the enhancement seems to be the resonant local-field enhancement associated 
with the particle plasmon, which couples via the near-field to the Er
Figure 6. Photoluminescence decay curves measured 
at 980 nm (a) and at 1534 nm (b) after excitation at 
800 nm (note the different time scales). Blue circles 
denote the decay curves for samples without Au, 
whereas the red squares correspond to samples 
containing Au nanoparticles (13-nm Au layer). The 
solid lines are single exponential fits with in-growth 
included in (b). In both panels the decay curves have 
been shifted vertically for clarity. 
3+ ion. 
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